A r t i c l e s aCML 1 is a heterogeneous disorder belonging to the group of myelodysplastic/myeloproliferative (MDS/MPN) syndromes. In aCML, many clinical features (splenomegaly and myeloid predominance in the bone marrow, with some dysplastic features but without a differentiation block) and abnormalities in the laboratory (myeloid proliferation and low leukocyte alkaline phosphatase values) suggest diagnosis with CML. However, lack of the pathognomonic Philadelphia chromosome 2 and of the resulting BCR-ABL1 fusion point to a different pathogenetic process. Because no specific recurrent genomic or karyotypic abnormalities have been identified in aCML, the molecular pathogenesis of this disease has remained elusive and the outcome dismal (median survival of 37 months after diagnosis) 3 , with no improvement over the last 20 years. This prognosis sharply contrasts with the outcome for CML, for which the prognosis was markedly improved by the development of imatinib as a specific inhibitor of the BCR-ABL1 protein 4-7 .
A r t i c l e s aCML 1 is a heterogeneous disorder belonging to the group of myelodysplastic/myeloproliferative (MDS/MPN) syndromes. In aCML, many clinical features (splenomegaly and myeloid predominance in the bone marrow, with some dysplastic features but without a differentiation block) and abnormalities in the laboratory (myeloid proliferation and low leukocyte alkaline phosphatase values) suggest diagnosis with CML. However, lack of the pathognomonic Philadelphia chromosome 2 and of the resulting BCR-ABL1 fusion point to a different pathogenetic process. Because no specific recurrent genomic or karyotypic abnormalities have been identified in aCML, the molecular pathogenesis of this disease has remained elusive and the outcome dismal (median survival of 37 months after diagnosis) 3 , with no improvement over the last 20 years. This prognosis sharply contrasts with the outcome for CML, for which the prognosis was markedly improved by the development of imatinib as a specific inhibitor of the BCR-ABL1 protein [4] [5] [6] [7] .
High-throughput sequencing has proven to be a powerful tool to identify recurrent, specific genetic abnormalities in solid cancers and leukemias [8] [9] [10] . Although the genetic heterogeneity of cancer necessitates some caution in the interpretation of the results and in their application 11 , high-throughput sequencing remains a powerful instrument to improve knowledge of the molecular pathogenesis of malignancies 12 and to potentially refine cancer diagnosis and treatment 13 . We applied a high-throughput sequencing strategy to aCML, including both exome sequencing and RNA sequencing (RNA-seq), with the aim of identifying new recurrent driver mutations. We present here the results of this combined approach and the identification of mutated SETBP1 as a new oncogene.
RESULTS

Exome sequencing of aCML
We used exome sequencing technology to identify somatically acquired mutations in eight individuals with aCML by comparing DNA from leukocytes and constitutive DNA extracted from lymphocytes. Each read of a massively parallel sequencing run is clonal and therefore derives from a single molecule of genomic DNA. Thus, the proportion of sequencing reads reporting a variant allele provides a quantitative estimate of the proportion of cells Recurrent SETBP1 mutations in atypical chronic myeloid leukemia A r t i c l e s in the DNA sample carrying that mutation, assuming adequate coverage of the investigated gene.
To minimize the detection of subclonal variation, only mutations with a frequency of at least 35% were considered (Online Methods). We identified 84 exonic mutations, of which 63 (75%, range of 5 to 14 mutations per case) were nonsynonymous (Supplementary Table 1) , and 21 were synonymous. Transitions accounted for 73% (46 of 63) of the nonsynonymous mutations identified (Supplementary Fig. 1 ). The median absolute coverage at positions where mutations were identified was 84× (with a range from 20× to 232×). Four mutations were nonsense substitutions, including one in the ASXL1 gene. The frequency of mutant reads over total reads ranged between 35% and 98% (median of 47%). All nonsynonymous mutations identified by high-throughput sequencing were subjected to standard sequencing ( Supplementary Fig. 2 and Supplementary Table 2), and the validation rate was 96%.
In the case with an IDH2 alteration (subject 1), the levels of 2-hydroxyglutarate in leukemic cells were >10 times higher than in autologous normal cells or in other cases (Supplementary Fig. 3 ). We also found two recurrently mutated genes: EZH2 (subjects 4 and 8) and SETBP1 (subjects 3 and 5) . No additional recurrent mutation was observed, even when lowering the accepted frequency below 35%. EZH2 encodes a histone methyltransferase involved in the epigenetic control of gene expression. EZH2 mutations were previously identified as a recurrent abnormality in myeloid neoplasias, including aCML 14 . The second recurring alteration affected SETBP1. The same mutation (encoding a p.Gly870Ser alteration) was identified in both cases, with frequencies of 53% in subject 3 (coverage of 38) and 47% in subject 5 (coverage of 72).
Some of the genes identified as mutated in one of these eight cases (IDH2, MTA2, EPHB3, ETNK1, GATA2 and IRAK4) and having a score of ≥1 in the oncogenic gene ranking score (GeneRanker; see URLs) were resequenced in a cohort of 40 aCML cases (15 with SETBP1 mutations and 25 without). With the exception of IDH2, no gene was found to be mutated in any case apart from the index case (Supplementary Table 3 ).
Recurrent SETBP1 mutations
The presence of an identical mutation not previously involved in cancer in two different aCML cases prompted us to resequence SETBP1 in samples from additional subjects with aCML or other hematological malignancies and in cell lines representative of the most common human solid cancers. In this analysis, 17 of 70 aCML cases (24.3%, 95% CI = 16-35%) tested positive for SETBP1 mutation ( Table 1) . Constitutive DNA was available from four of these additional SETBP1-mutated aCML cases, the analysis of which showed that mutations encoding p.Glu858Lys, p.Asp868Asn, p.Gly870Ser and p.Ile871Thr alterations were somatically acquired. Sequencing of 112 healthy donors and the inspection of SNP databases allowed us to identify variants encoding p.Arg1321His and p.Val1377Leu, identified in two aCML cases without available constitutive DNA, as rare polymorphisms (the variant encoding p.Arg1321His was found in SNP databases, and the variant encoding p.Val1377Leu was found in both SNP databases and healthy donor samples) and therefore to discard them. SETBP1 mutations were also present in the closely related disorders unclassified MDS/MPN (3 of 30, 10%) and chronic myelomonocytic leukemia (CMML; 3 of 82, 4%) and in 1 of 4 cases of chronic neutrophilic leukemia (CNL). In all cases with SETBP1 mutation, the mutations were heterozygous. SETBP1 mutations seem to be enriched in aCML and closely related disorders, as no mutations were found in 458 individuals with other hematological malignancies nor in 344 cell lines representing lymphomas and the most common non-hematological malignancies (Table 1 and  Supplementary Tables 4 and 5) .
Of the 24 SETBP1 alterations identified, 22 (92%) were located in a short stretch of 14 residues spanning Glu858 to Ile871 (Fig. 1) within the SKI homologous region, so called because of limited homology to the SKI oncoprotein 15 . The most frequently observed alterations (p.Glu858Lys, p.Asp868Asn, p.Ser869Gly, p.Gly870Ser and p.Ile871Thr) were analyzed by SIFT and PolyPhen-2 software 16, 17 for the predicted change to the protein structure. All five changes generated the maximum score predicting alteration of normal function (SIFT score = 0), with a median information content (MIC) of 2.87. 
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All mutations were heterozygous at the genomic level. We verified the relative expression levels of the two alleles by deep sequencing in three aCML cases. Coverage of the mutated bases in the three cases was 905, 440 and 523. The frequency of the mutated allele in cDNA was 79%, 45% and 38%, respectively, which is compatible with a somatic heterozygous status without substantial imbalance in allelic expression. These results, together with the absence of nonsense and frameshift SETBP1 mutations, strongly suggest that mutant SETBP1 has a dominant and presumably altered biological activity.
To test the relationship between SETBP1 variants and mutations in oncogenes known to be involved in myeloid malignancies, we also evaluated mutations in ASXL1, TET2 Figure 2 (see also Supplementary Table 3) . No significant association or mutual exclusion with SETBP1 mutations was observed. ASXL1 mutations were present more frequently in cases with SETBP1 mutations (36% versus 19%, respectively), whereas TET2 mutations were more prevalent in cases with wild-type SETBP1 (28% versus 14%, respectively); however, further analysis of larger collections of aCML cases will be necessary to determine whether these differences are significant.
To investigate the possibility of chimeric fusion genes as a result of cryptic chromosomal rearrangements, we performed RNA-seq (Online Methods) in seven SETBP1-mutated aCML cases and six aCML cases with wild-type SETBP1, analyzing the results using our in-house software FusionAnalyser 18 . No fusion genes were detected in any cases. We also used the RNA-seq data to analyze the expression of the mutated gene and confirmed transcription of SETBP1, with transcript levels in mutated cases (1.12 ± 0.4 fragments per kilobase of exon model per million mapped reads (FPKM; ± s.e.m.)) being similar to ones without SETBP1 mutation (1.92 ± 0.5 FPKM). We also investigated the presence of exonic copy-number alterations using exome sequencing data ( Supplementary Fig. 4) higher white blood cell counts at diagnosis (median of 81.0 versus 38.5 × 10 9 cells/l, P = 0.008; Fig. 3b ) compared to cases with wildtype SETBP1. We observed no significant differences for the number of peripheral blood blasts, age, hemoglobin concentration or platelet counts ( Fig. 3c,d ), and no difference was observed in sex distribution between the two groups. The negative effect of SETBP1 mutations on survival was maintained (P = 0.035) after adjustment for the effects of age and white blood cell count or of sex, percentage of peripheral blood blasts, hemoglobin concentration or platelet number.
Biological effects of the SETBP1 p.Gly870Ser alteration SETBP1 is a poorly characterized protein that is believed to inhibit PP2A phosphatase activity through SET stabilization 15 . The SETBP1 region where the somatic alterations cluster is highly conserved among vertebrates, which suggests that it might have an important yet unknown biological role. According to the Eukaryotic Linear Motif (ELM) server 19 , this region represents a virtually perfect degron (a specific sequence of amino acids in a protein that directs the initial step of degradation), containing the consensus binding region (DpSGXXpS/ pT, where pS and pT represent phosphorylated residues) for β-TrCP1, the substrate recognition subunit of the E3 ubiquitin ligase (amino acids 868-873; Fig. 4a ) 20 . This degron includes a PEST domain (amino acids 860-884, HSEETIPSDSGIGTDNNSTSDQAEK), a sequence associated with proteins that have a short intracellular half-life. Therefore, this region might be critical for ubiquitin binding and for subsequent protein degradation. This hypothesis was experimentally confirmed using biotinylated phosphorylated peptides encompassing amino acids 859-879: whereas the wild-type peptide, incubated in the presence of TF1 cell lysate, could efficiently bind β-TrCP1 as predicted, a peptide with the p.Gly870Ser alteration was incapable of binding this E3 ligase subunit, indicating a possible difference in SETBP1 protein stability caused by this alteration (Fig. 4b) . A critical requirement in the β-TrCP1 degron is the presence of one phosphorylated serine and one phosphorylated threonine within the core consensus region. To confirm the specificity of the interaction we observed, we repeated the same experiment using dephosphorylated peptides and purified recombinant β-TrCP1: in the absence of phosphorylation, the wildtype peptide did not interact with β-TrCP1 (Fig. 4c) . These experiments indicated a possible difference in SETBP1 protein stability caused by the p.Gly870Ser alteration. To further test this idea, TF1 cells transduced with viruses expressing wild-type SETBP1 or SETBP1 Gly870Ser and expressing similar levels of SETBP1 mRNA Peptide pulldown experiment performed using TF1 total cell lysate and phosphorylated peptides. Beads with no peptides were used to control for nonspecific binding. Immunoblotting for β-TrCP1 was performed on the bound fractions. Immunoblotting for actin on the unbound fractions was used as a loading control. (c) Peptide pulldown experiment using recombinant SCF-β-TrCP1 complex on phosphorylated (+ P) and dephosphorylated (-P) peptides representing either wild-type SETBP1 or SETBP1 Gly870Ser. Beads with no peptide were used to control for nonspecific binding. Immunoblotting for β-TrCP1 was performed on bound as well as unbound (control) fractions.
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A r t i c l e s (51.9 and 35.8 FPKM for wild-type SETBP1 and SETBP1 Gly870Ser, respectively) were assayed for the expression of SETBP1 protein using a specific antibody. In cells expressing wild-type SETBP1, SETBP1 protein was barely detectable, in line with its expected short half-life. By contrast, cells expressing SETBP1 Gly870Ser showed higher levels of SETBP1 protein, recognized as a band of approximately 250 kDa, comigrating with the positive control (Fig. 5a , results representative of three experiments). The amount of SET protein was also higher (Fig. 5b) , although SET mRNA levels were similar between the two cell lines (140.4 and 162.9 FPKM for wild-type SETBP1 and SETBP1 Gly870Ser, respectively). We also observed significantly reduced PP2A activity in the cell line expressing SETBP1 Gly870Ser (Fig. 5c) , as well as greater PP2A phosphorylation at position Tyr307, a well-known marker of PP2A inactivation (Fig. 5b) . Cells expressing SETBP1 Gly870Ser also had a higher proliferation rate compared to cells expressing wild-type SETBP1 or to cells transfected with empty vector, when cultured at standard granulocyte-macrophage colony-stimulating factor (GM-CSF) concentrations (Fig. 5d) .
To study the intracellular localization of SETBP1, wild-type protein and SETBP1 Gly870Ser forms fused with GFP were introduced into the 293T human cell line and sorted to express similar level of protein (Supplementary Fig. 5 ). We then examined the intracellular localization of mutated and wild-type SETBP1 protein by confocal microscopy (Supplementary Fig. 6 ). SETBP1 Gly870Ser maintained a mostly nuclear localization. These data exclude a gross alteration in the intracellular distribution of the protein, although localization in cells expressing SETBP1 Gly870Ser showed a more punctate appearance than in cells overexpressing wild-type SETBP1.
To determine whether SETBP1 mutations are associated with a specific gene expression signature, we analyzed RNA-seq data from 13 aCML cases and found a total of 197 differentially expressed genes (Supplementary Table 6 ) in cases with mutated SETBP1 (encoding p.Glu858Lys, p.Asp868Asn (2 cases), p.Ser869Gly, p.Gly870Ser (2 cases) and p.Ile871Thr) and cases with wild-type SETBP1 (Supplementary Fig. 7 ). Of the 197 differentially expressed genes, 14 (7.1%, 95% CI = 3.5-10.7%) belonged to the group transcriptionally controlled by TGF-β1 (Ingenuity Systems; Supplementary Fig. 8 ). This value represents an enrichment of approximately 4-fold compared to the number of TGF-β-related (TGFBR) genes present in the reference genome used for RNA-seq (399/20,907 = 1.9%, 95% CI = 1.7-2.1%). This difference is highly statistically significant (P = 1.6 × 10 −7 by χ-square test).
DISCUSSION
SETBP1 represents the first gene shown to be enriched and recurrently mutated in aCML, a disease currently defined only by negative characteristics (for example, by not having the BCR-ABL1 fusion). Thus, it may constitute a valuable diagnostic tool in the differential diagnosis of MDS/ MPN syndromes and in their prognosis, as individuals with SETBP1 mutations had a worse prognosis than cases with wild-type SETBP1. The presence of SETBP1 mutations in approximately one-quarter of aCML cases, as well as the type of mutations identified, strongly point to a causal role of this gene in the pathogenesis of aCML. However, given the lack of information on the physiological role of SETBP1, extensive additional work will be necessary to clarify the mechanistic consequences of SETBP1 mutations. SETBP1 mutations were also found in CMML, a disease considered to be very similar to aCML that has overlapping diagnostic criteria, but with a prevalence almost seven times lower, demonstrating for the first time a biological difference between these two entities. In aCML, mutations of known oncogenes such as NRAS, KRAS, TET2, EZH2 and CBL have been described 21 ; it will be important to study the relationship between SETBP1 mutations and these additional genetic alterations in larger cohorts of affected individuals. Although we were unable to identify SETBP1 mutations in other cancers, more extensive analysis will be necessary to fully characterize the oncogenic potential of mutated SETBP1.
SETBP1 has been reported to be fused to NUP98 in a single subject with T-cell acute lymphoblastic leukemia and to be overexpressed as a consequence of a translocation involving ETV6 in acute myeloid leukemia 22, 23 . In these reports, no mutations or structural alterations in the coding portion of the gene were reported, but these rare cases are consistent with the possibility that overexpression of SETBP1 may be oncogenic.
The identification of SETBP1 mutations in aCML also represents the first time that recurrent point mutations of this gene have been shown to occur in cancer. Although the Catalogue of Somatic Mutations in Cancer (COSMIC) database contains 12 SETBP1 somatic mutations, only one of these was validated by Sanger sequencing 24 . SETBP1 is located at chromosome 18q21.1 and codes for a protein of 1,596 residues (NM_015559.2, long isoform) with a predicted molecular weight of 170 kDa and a predominantly nuclear localization that is expressed in hematopoietic stem/progenitor cells and also in committed progenitors 25 . Our experimental data, although confirming the nuclear localization of SETBP1, indicated an observed size larger than the predicted molecular weight of 170 kDa. The reason for this is unknown but may be related to post-translational modifications. The only known interactions of SETBP1 are with the HOXA9 and HOXA10 promoters 26 and with SET through its SET-binding domain 15 . The resulting stabilization of SET can alter histone acetylation, or SET may directly bind and inhibit the PP2A phosphatase 27 . PP2A activity is known to be inhibited in CML as a consequence of a BCR-ABL1-dependent increase in SET expression 27 , and, for this reason, we tested whether expression of SETBP1 Gly870Ser could result in SET stabilization and PP2A inhibition. In addition, the expression of LYN, a SRC family kinase known to be transcriptionally inhibited by PP2A 28 , was higher in the presence of SETBP1 Gly870Ser, both in aCML cases (mean FPKM of 235.3 versus 80.4) and in transfected TF1 cells (mean value of triplicate experiments of 11.5 versus 6.4, P = 0.02). A similar upregulation of PTGS2, another transcriptional target of PP2A, was also observed in aCML cases (mean FPKM of 251 versus 20.0) and in TF1 cells (mean value of triplicate experiments of 0.045 (relative normalized units) versus 0.032, P = 0.04). These data suggest that inhibition of PP2A might be a common feature of SETBP1-mutated aCML. Additional unknown mechanisms are probably operative in this setting, as SETBP1 is a predominantly nuclear protein, whereas PP2A is also located inside the cytoplasm.
The dysregulation of SETBP1 protein levels and activity can be explained, at least in part, by the removal of a degron in the mutant SETBP1 protein, leading to decreased degradation of SETBP1 that might be functionally equivalent to overexpression. Although we tested only one of the SETBP1 alterations we identified, the proximity of the alterations and their presence inside the degron suggest a common mechanism of action.
The results from RNA-seq also suggest that some TGF-β target genes are differentially expressed in aCML cells with mutated and wild-type SETBP1. This is consistent with the known activity of SKI (and possibly of the SKI homology domain of SETBP1) on TGF-β via its interaction with SMADs 29 . Further studies will be required to unravel both the physiological role of SETBP1 and its mechanistic role in the leukemogenic process.
Several germline SETBP1 mutations have been described previously, albeit with different relative frequencies, in Schinzel-Giedion syndrome (SGS), a rare congenital disorder characterized by multiple malformations, many of which arise as a consequence of aberrant bone formation 30 . It is tempting to connect the SGS phenotype (and the pathogenesis of aCML) to alterations in the TGF-β pathway, given the essential role of this cytokine in bone formation and remodeling 31 , but further research will be needed to test this hypothesis. The removal of a degron in the region of SETBP1 encoded by the mutational hotspot with resulting protein overexpression could also be operative in SGS, given the almost identical SETBP1 mutations identified in the two disorders. SGS is a severely debilitating condition, and many affected individuals die in the perinatal period. Of those who survive, some develop tumors, predominantly of neuroepithelial origin 32 . Predisposition to myeloid malignancy has not been described, but the number of cases reported is small, and follow-up is limited. Notably, SETBP1 adds to a growing list of genes that are constitutionally mutated in developmental disorders and somatically in cancer 33 .
In summary, we have shown in this report that SETBP1 mutations are present in approximately one-quarter of aCML cases, where they confer a worse clinical course. Furthermore, this is the first description of recurrent, validated SETBP1 mutations in cancer. Expression of mutant SETBP1 Gly870Ser in the TF1 cell line resulted in higher SETBP1 protein levels, SET protein stabilization, PP2A inhibition and higher proliferation rates. Our results increase the knowledge of the mechanisms by which malignancy arises and will have important consequences for the diagnosis, prognosis and treatment of aCML and diseases associated with SETBP1 alterations. Cells and cell lines. Bone marrow or peripheral blood samples were collected at diagnosis in individuals with aCML and other hematological malignancies after obtaining written informed consent approved by the local ethics committee. Bone marrow samples were used for all cases but subject 4, for whom peripheral blood-derived cells were used. Leukemic cells were obtained by separation on a Ficoll-Paque Plus gradient (GE Healthcare). Surface markers were evaluated by fluorescence-activated cell sorting (FACS) analysis, and myeloid cells (positive for CD33, CD13 or CD117 staining) made up >80% of the total cells. As a source of normal cells, we used lymphocytes obtained by culturing cells with 2.5 µg/ml Phytohemagglutinin-M (PHA-M, Roche) and 200 International Units/ml interleukin-2 (IL-2, Aldesleukin, Novartis) for 3-4 d and then incubating cells for 2-3 weeks with IL-2 only. Phenotype was evaluated by FACS analysis, and lymphoid cells (positive for CD3, CD4, CD5, CD8 or CD19 staining) made up >80% of the total cells. After separation, cells were pelleted by centrifugation and lysed. The polyclonality of these populations was assessed by TCRExpress (BioMed Immunotech).
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The TF1 human erythroleukemia cell line was purchased from DSMZ and maintained in RPMI 1640 medium (Lonza Cambrex) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin G, 80 µg/ml gentamicin, 20 mM HEPES and 2 ng/ml human GM-CSF (Life Technology).
The 293T human embryonic kidney cell line was maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin G, 80 µg/ml gentamicin and 20 mM HEPES. Bioinformatics. Image processing and base calling were performed using Illumina Real Time Analysis Software RTA v1.9.35. Qseq files were deindexed and converted to the Sanger FastQ file format using in-house scripts. FastQ sequences were aligned to the human genome database (NCBI Build 36/hg18) using the Burrows-Wheeler-based BWA alignment tool 34 within the Galaxy framework [35] [36] [37] . The percentage of reads matching the reference human genome was over 90%, with mean exon coverage of >70-fold and the percentage of exons with a mean coverage of ≥20× over 90% for both the leukemic and control samples. The percentages of nucleotides targeting exonic regions and exonic regions plus the surrounding 100 bp were 48% and 68%, respectively, with an overall 28-fold enrichment for exonic versus non-exonic regions. The alignment files in the SAM format were processed using SAMtools alignment processing utilities 38 : they were initially filtered by proper-pair, then converted into the binary BAM alignment format. Removal of duplicates was performed using the SAMtools rmdup command. Unique BAM files were then converted to the Pileup format. Pileup data generated from paired cancer and control samples were cross-matched using a dedicated in-house software tool. This software initially analyzes each data set, extracting the information pertaining to each mismatch, either single nucleotide or indel, together with the corresponding read and mapping quality, read coverage of the mutated locus and specific coverage of each mutation. This intermediate information is stored in a condensed-Pileup format. The two condensed data sets are subsequently cross-matched and further filtered according to the following parameters: absolute coverage of each position (≥20), relative coverage of each variant (≥0.35), mapping quality (Phred mapping quality threshold = 30) and read quality (Phred read quality threshold = 30). Finally, a dedicated statistical model taking into account the coverage of each variant and the overall coverage in the cancer and control samples as well as the sequence of the reference genome is built to perform variant calling. Variants are then stored and further processed to predict the effect of nucleotide changes on protein function 17 . Taking into consideration the minimum relative coverage of each variant (0.35) and the percentage of leukemic cells in our preparations (>80%) and assuming the mutations to be present as heterozygous alterations, the detection of a mutation in 35% of reads corresponds to its presence in 70-87.5% of leukemic cells.
Deep sequencing. We amplified 200 ng of cDNA with the Expand High-Fidelity PCR System (Roche). Each amplicon was then gel purified (3% agarose gel) using the QIAquick Gel Extraction kit (Qiagen). The purified amplicon was then directly processed according to the standard protocol for the Illumina TruSeq DNA Sample Preparation kit. Libraries were sequenced on an Illumina Genome Analyzer IIx with 76-bp paired-end reads using the Illumina TruSeq SBS kit v5.
Evaluation of copy-number alterations. Mean exonic coverage was calculated for all exons in the Consensus Coding Sequence (CCDS) exonic database in case and control samples. This information was initially used to calculate the median whole-exome coverage in cases and in controls. The mean exonic coverage of each exon was subsequently normalized accordingly. The mean normalized exon coverage was further modified by adding an arbitrary factor (20) to smoothen the effect of very-low-coverage values. Individual case-control log 2 ratios were then calculated for all the exons in the data set and plotted. The presence of copy-number alterations was detected using a combined approach involving a set of statistical Wilcoxon signed-rank tests performed on sliding exonic windows combined with dedicated heuristic algorithms. (exons 2 and 3) , TET2, EZH2, CBL (exons 8 and 9), ASXL1, IDH1 (Arg140 codon), IDH2 (Arg132 codon), WT1, SUZ12, RUNX1, RBBP4, NPM1, JARID2 (exons 1-18), JAK2 (Val617 codon), EED (exons 2-12), DNMT3A (exon 23) and CEBPA was performed as described previously 14, [39] [40] [41] . Sequencing of ETNK1 (exon 3), EPHB3 (exons 3, 6-8, 10 and 11), GATA2 (exons 5-7), IRAK4 (exons 8-10), MTA2 (exons 4-6, 8, 9, 14 and 15) and SF3B1 (exons 14 and 15) was performed using the primers listed in Supplementary Table 3. Validation of mutations. Genomic DNA was extracted from the peripheral blood or bone marrow samples of each subject using the PureLink Genomic DNA Mini kit (Invitrogen, Life Technology). CMML, aCML, CNL, JMML and unclassified MDS/MPN samples were amplified and sequenced with the primers listed in Supplementary Table 4 to cover the complete SETBP1 coding sequence. The entire region encoding the SKI homologous domain was sequenced in all samples using primers SETBP1_E_for, SETBP1_E_rev, SETBP1_F_for and SETBP1_F_rev. PCR amplification was performed using FastStart Taq DNA polymerase (Roche) with 100 ng of genomic DNA as template. All the mutations found in aCML samples were validated by PCR amplification followed by Sanger sequencing.
Analysis of recurrent mutations. Sanger sequencing of NRAS (exons 2 and 3), KRAS
Polymorphism analysis. All the variants identified with either exome or Sanger sequencing were searched for in the dbSNP135 database to identify the presence of potential SNPs. All the variants present in the dbSNP database were discarded. To further test SETBP1 variants in order to discriminate between real somatic mutations and previously unreported or rare SNPs, the exons of SETBP1 were sequenced in a total of 112 healthy donors. All the variants previously identified in affected individuals and subsequently reported in the healthy donors were considered to be real SNPs and were therefore discarded.
Statistical analysis. Statistical analysis was performed using two-sided methodologies with a significance level of α = 0.05. Continuous variables were described according to group classification (defined by wild-type and mutated SETBP1) by mean, median, 95% CI, mean standard error, and minimum
and maximum values and compared across groups by the Wilcoxon test 42 . Categorical variables were described according to groups by the proportion of subjects falling into each category. Proportions were compared across groups by the χ-square test 42 . Bar graphs were used to describe continuous variables according to groups. Survival probabilities were estimated according to group classification by the Kaplan-Meier method 43 . The null hypothesis of equality for the survival function across groups was tested by the log-rank test 43 . The ratio of instantaneous hazards between groups was estimated resorting to the univariate Cox model 43 . The multivariable Cox model was used to adjust the possible effect of SETBP1 mutation for confounders, such as age, sex, white blood cell count, hemoglobin concentration, platelet number and the percentage of peripheral blood blasts 43 .
2-hydroxyglutarate quantification. Cells (2 × 10 6 ) were suspended in 80% methanol, centrifuged, dried and stored at −80 °C. 2-hydroxyglutarate levels were determined by ion-paired reverse-phase liquid chromatography coupled with negative-mode electrospray triple-quadrupole mass spectrometry, and integrated elution peaks were compared with 2-hydroxyglutarate standard curves for absolute quantification 44 .
SETBP1 cloning and transfection experiments.
A plasmid encoding the long isoform of SETBP1 cDNA (SC114671, Origene) was used as a substrate for PCR amplification (Expand High Fidelity PCR System, Roche). Clone SC114671 (NM_015559.1) codes for the SETBP1 variant lacking 54 amino acids at the N terminus compared to the longest SETBP1 variant (NM_015559.2). The Gly870 codon in the NM_015559.2 isoform thus corresponds to the Gly816 codon in NM_015559.1; however, to keep consistency with previously published papers 30 , coordinates are given with respect to the NM_015559.2 isoform. Two primers spanning the whole SETBP1 cDNA and introducing artificial KpnI and XhoI sites at the 5′ and 3′ ends of the coding region (respectively) were used to perform the amplification. The amplicon was cloned into the p-EntrI Gateway entry vector (Life Technology). SETBP1 was then subcloned into the pcDNA6.2/N-EmGFP-DEST destination vector using the Gateway clonase system (Life Technology).
We transfected 293T cells with 10 µg of plasmid DNA using Fugene Transfection Reagent (Roche) and selected cells with 10 µg/ml blasticidin. Cells expressing wild-type SETBP1 or SETBP1 Gly870Ser fused with GFP were sorted using a FACSAria (BD Biosciences) flow cytometer (Supplementary Fig. 6 ).
Mutagenesis. SETBP1 Gly870Ser was generated using the following protocol. Specific primers (Supplementary Table 4 ) were designed and used to mutagenize the entry vector with the Pfu Ultra High Fidelity enzyme (Agilent). The product was digested with DpnI (Roche), and 2 µl was used to transform the competent TOP10 bacterial strain (Life Technology). The presence of the mutation encoding p.Gly870Ser was subsequently confirmed by Sanger sequencing.
Retroviral infection.
The sequences encoding wild-type SETBP1 and SETBP1 Gly870Ser were excised from pENTR1A using the SalI and XhoI restriction enzymes and cloned into the MIGR1-EGFP vector 45 using the XhoI restriction site. Phoenix packaging cells were transfected with 10 µg of MIGR1-SETBP1 (encoding wild-type or Gly870Ser protein) or with empty MIGR1 vector using FuGENE6 (Promega), and retroviruses were collected after 3 d of culture. To generate TF1 cells stably infected with retroviruses, we transduced 5 × 10 4 cells by spin infection in retroviral supernatants supplemented with 4 µg/ml polybrene (Sigma-Aldrich) and 20% RPMI 1640. After 48 h, the cells expressing wild-type SETBP1 and SETBP1 Gly870Ser were resuspended in complete medium.
Immunoblotting. TF1 cells (1 × 10 7 ) were used for immunoblotting analysis. Cells were washed with PBS and resuspended in lysis buffer (0.025 M Tris (pH 8.0), 0.15 M NaCl, 1% NP-40, 0.01 M NaF, 1 mM EDTA, 1 mM DTT, 1 mM sodium orthovanadate and protease inhibitors). Cell lysates were centrifuged for 20 min at 18,000 g. Equal amounts of total protein were separated by 10% SDS-PAGE and probed with selected antibodies, including to SETBP1 (ab98222) and phosphorylated PP2A (Tyr307, clone E155) (Abcam), SET (clone F-9, Santa Cruz Biotechnology), PP2A (C subunit, clone 1D6, Millipore) and actin (a2066, Sigma-Aldrich).
Peptide pulldown assay. Biotinylated phosphorylated peptides encompassing the SETBP1 region (amino acids 859-879) of either wild-type or Gly870Ser protein were synthesized by Innovagen. In the pulldown experiments, 0.5 mg of streptavidin magnetic beads (Pierce Biotechnology) was washed using a magnetic stand, according to the manufacturer's instructions, and resuspended in 100 µl of TBS with 2% BSA. Each peptide (10 µg) was bound to the beads for 1 h at room temperature on a rotating device. One sample with no peptide was used as a control for unspecific binding. Beads were washed with wash buffer (0.1% Tween-20 in TBS) and resuspended in lysis buffer, and TF1 cell lysate (600 µg) was added. Samples were incubated for 2 h at 4 °C on a rotating device. Alternatively, 75 ng of recombinant SKP1 CUL1 (SCF) complexed to β-TrCP1 (Millipore) was used. The unbound fraction was collected as a loading control. Elution of bound proteins was performed with 30 µl of Laemmli buffer. Peptides were dephosphorylated by adding 20 U calf intestinal phosphatase (NEB) for 2 h at 37 °C before binding to streptavidin beads. Immunoblotting analysis was performed with antibody to β-TrCP1 (clone H-85, Santa Cruz Biotechnology).
PP2A activity assays. PP2A phosphatase assays were carried out using the PP2A IP Phosphatase Assay kit (Millipore) according to the manufacturer's protocol on 5 × 10 6 cells.
Proliferation assay. TF1 cells transduced with viruses expressing GFP fused with wild-type SETBP1 or SETBP1 Gly870Ser were seeded at a concentration of 5,000 cells per well in 96-well round-bottom cell culture plates with complete medium. Cell proliferation was measured at different time points with the tritiated thymidine incorporation assay as described previously 46 . Each test was performed in quadruplicate and was repeated at least twice.
RNA sequencing. All RNA libraries were generated from 2 µg of total RNA extracted with TRIzol (Life Technology) using the standard protocol. RNA was processed according to the protocol for the Illumina TruSeq RNA Sample Preparation kit (FC-122-1001) with a modification in the fragmentation time: mRNA was shared for 1 min at 94 °C, and, after ligation of the adapters, fragments of 400-500 bp were selected on 2% agarose gels. Libraries were sequenced on an Illumina Genome Analyzer IIx with 76-bp paired-end reads using Illumina TruSeq SBS kit v5.
Transcriptome profiling. Image processing and base calling were performed using Illumina Real Time Analysis Software RTA v1.9.35. Qseq files were deindexed and converted into the Sanger FastQ file format using in-house scripts. FastQ sequences were aligned to the human genome database (NCBI Build 36/hg18) using TopHat 47 (version 1.2.0) with default parameters. Reads were mapped using the gene and splice-junction models provided in the Human Ensembl annotation file (Homo_Sapiens.NCBI36.54.GTF). TopHat aligns the RNA-seq reads across the genome using the Bowtie 48 algorithm and then maps the initially unmappable reads to the known splice-junction sequences supplied by the annotation GTF file. A splice-junction map for cases with wild-type and mutated SETBP1 was inferred by TopHat. Visual inspection of exon junction maps in the SETBP1 gene by Integrated Genomic Viewer 49 confirmed that both the mutated and wild-type samples expressed the longer isoform of the gene, which encodes the SKI homologous region (Ensembl release 54, May 2009).
The quantitative gene expression profile was estimated by SAMMate 50 (version 2.6.1) using Human Ensembl annotation file version 54 and the default parameters. Gene expression values for paired-end data were measured in FPKM 51 , which is a normalized measure of exonic read density and a measure of the concentration of a transcript 50, 51 . SAMMate calculates the FPKM expression values for each gene, taking into account the reads mapped on exons or on exon-exon junctions. The Human Ensembl gene annotation file version 54 was used to infer gene expression for coding and non-coding transcripts. Starting from the read alignment information, stored in the BAM format, a matrix of FPKM expression values and read counts for 36,655 unique Ensembl genes was obtained by SAMMate. To focus on the gene expression profile of known coding transcripts, a data set of 20,907 protein-coding Ensembl genes was selected from the whole transcriptome.
Differential expression profiles between samples with wild-type and mutant SETBP1 were obtained using the DESeq 52 algorithm (R package, version 1.8.1) and NOISeq (R method, version last modified 29 April 2011) 53 : the FPKM values ranged from 0 to 75,497; 37% of protein-coding Ensembl genes showed FPKM values between 0 and 1. To avoid differentially expressed genes biased from very-low-count data or expression values, we filtered out the genes for which the maximum FPKM value (mean value) of the two groups was less than 1, obtaining 13,106 FPKM values. To focus on differentially expressed genes, we selected the protein-coding genes with fold change of ≥3. Out of these 1,465 genes, 197 showed differential expression in samples with wild-type and mutated SETBP1 (false discovery rate < 0.1 or probability of differential expression ≥0.8). The list of differentially expressed genes (Supplementary Table 6 ) was annotated using the Ensembl gene annotation file (version 54) and IPA (Ingenuity Systems; see URLs). The list of TGF-β-related genes (Supplementary Table 6 ) was based on the Ingenuity Knowledge database. Finally, the FPKM expression values of the differentially expressed gene list were plotted in a heatmap using dChip software (see URLs). The 60th percentile value was used as the upper bound of FPKM expression values, and each FPKM was converted into a color scale from −1.5 (lower limit) to 1.5 (upper limit).
RNA-seq data were also used to investigate the possible presence of gene fusions. This was accomplished using FusionAnalyser software 18 .
Immunofluorescence. We seeded 293T cells expressing wild-type SETBP1 or SETBP1 Gly870Ser on glass coverslips in a six-well plate. After 24 h, cells were washed, fixed with 4% paraformaldehyde, incubated at room temperature for 30 min and treated with buffer containing 0.1 M glycine in PBS (pH 7.4) and 0.3% Triton X-100. Cells were stained with Alexa Fluor 546-conjugated phalloidin (Invitrogen) for 1 h at room temperature. TOTO-3 iodide (642/660, Invitrogen) was used for nuclear staining. Confocal microscopy was carried out on a Radiance 2100 laser scanning confocal microscope (Bio-Rad) equipped with a krypton/argon laser and a red laser diode.
